This study proposes a rotary encoder-less time synchronous average using a non-linear filter for vibration analysis of gears in operation. This non-linear filter has smaller phase lag than that of conventional linear filters and a property synchronized with the meshing vibration. Therefore, the proposed method can estimate accurate rotational phase of gears. The accurate estimation of rotational phase of gears enable us to average the vibration responses including meshing frequency without any speed sensors and eliminate noises incoherent with the revolution periods of the gears of interest. In this paper, we explicate the ability and utility of this method are experimentally verified by using an ideal gear vibration model and an actual gear vibration response. As a result, the non-linear oscillator has an advantage compared with the linear filter for the highlighting the meshing frequency in the gear vibration, because of its demodulation property.
Introduction
Since gears can only be used to a certain period time same as bearings and seals, gearing apparatuses must be safely stopped before gear failures occur. In general, the monitoring of the state of the gears are enabled by detecting magnetic metal powders in oil or analyzing gear vibrations. However, analyzing the vibration response of the gearing apparatuses is simple and economical in detecting gear failure signs.
Signal processing technologies have important roles for these gear diagnostics (Aherwar and Khalid, 2012) . The state monitoring using the gear vibration has a few steps. Firstly, the vibration responses with accelerometers, amplifiers and filters are measured. Then, the obtained vibration signals are analyzed and the characteristics of the signals are picked up. Finally, the relation between the characteristics of the signal and gear failure types are mapped. The rotation speed and the gear meshing frequency mainly determines the gear's vibration response, however, the obtained signal in a practical operation includes unexpected noises that disturb the accurate acquisition of the characteristics. Thus, use of the specific signal processing techniques such as envelope extraction, cepstrum analysis, etc., are important to reduce the noises before moving to the frequency analysis step.
To reduce the noise components in the gear vibration signal, time synchronous averaging (TSA) is one powerful tool. TSA is a signal processing technique to reduce the influence of frequency component unsynchronized with one rotation by extracting sets of signals synchronized with one rotation and averaging them. When the main signal and the noise are uncorrelated, the effect of TSA proportionally increases with the root of number of signal sets (Tompkins, 1993) . For example, averaging 100 repetitions of a signal improves the S/N ratio by factor of 10. Hojo et al. have mapped between the characteristics of vibration signal using TSA and the gear failure types (Chanat et al., 2004) .
Encoder-less TSA will save space and cost to install the sensor devices for determine the rotation angle of the gear. The accurate TSA of the gear vibration requires the rotation angle information of the gear shaft with the dependently located rotary encoders or speed sensors. In general, the encoder-less TSA needs a demodulation process with an envelope analysis (Bechhoefer and Kingsley, 2009 ). On the other hand, more simply, counting the gear meshing period to the number of teeth allows the estimation of the rotation angle of the gear shaft, because we can relatively easily measure the gear meshing frequency. To pick up the gear meshing period, the filter, whose frequency band passes the meshing frequency, should be used.
Unfortunately, on this encoder-less TSA, the filter for the meshing frequency has possibility to be not able to follow and adapt the time-varying meshing frequency. On the encoder-less method, approaching the estimated rotation angle to the actual rotation leads the high effect of the noise reduction. Thus, the accuracy of the estimated rotation angle is depended on the characteristics of the filter, which can pass the gear meshing frequency. When a gear meshing frequency has a time-varying property, or a phase has a sharply jump, the phase lags of the filter are accumulated and the phase slip is happened. This needs the filter that has a more narrowband and a small phase shift.
Using a nonlinear oscillator synchronized with external signals will highlight a specific frequency component. This principle is utilized for radio devices, which is called a phase synchronization circuit. Nowadays, radio receivers include the phase synchronization circuits (Pikovsky et al., 2001) . The method using this synchronization property of non-linear oscillator is superior in determining the phase from the signal that includes noise and time-varying frequency, thus, the oscillator can filter the signal with a small phase lag. Moreover, the nonlinear oscillators have role of demodulation in itself.
We have proposed and discussed utilizing the nonlinear oscillator synchronized with a gear mesh frequency for the state monitoring of the gears. In the reference (Iba et al., 2013) , we have clarified the influence of an amplitude modulation and a frequency modulation, which rotational vibrations commonly include, on the synchronization property of nonlinear oscillators. In the reference (Iba et al., 2015) , we have proposed a noise cancelling system using nonlinear oscillators synchronized with the noise components, and assessed its performance by numerical simulation. From these researches, we have found that the oscillator can capture the gear meshing frequency under noisy environments by simply tuning the oscillator's input gain.
From these backgrounds, in this paper, we newly propose an estimation method for the rotation angle of gears by counting their meshing period using a nonlinear oscillator that synchronized with the gear meshing frequency. Then, the ability and utility of this method are experimentally verified by using an ideal gear vibration model and an actual gear vibration response. Moreover, the characteristic of the nonlinear oscillator as a filter is compared with a conventional liner filter. First of this paper, we begin to explain a gear meshing model.
Gear meshing model
In this section, a model of meshing gear vibration in a circumferential direction, which is used for verification of a proposed TSA method by simulation, is explained. After that, amplitude and frequency modulation caused by eccentricity of gears and noise are considered.
Dynamical loads on teeth of gears
A simple vibration model of meshing gear pairs is used for simulation. The simple model is illustrated in Fig. 1 . Each gear has a mass, and is connected to the other on contact with a spring and a damper (Umezawa et al., 1983 ).
This vibration model in a circumferential direction can be considered as a single degree of freedom vibration system Fig. 1 Vibration model in meshing gear pairs. Meshing a pair of gears is able to treat as a 1DOF system whose spring coefficient is changed by its meshing process. Then, the illustrated the damping coefficient C and the spring coefficient K are resultant coefficients of a driving and a driven gear, and then, xg is a relative deflection of the pair of gears. Moreover, an engine torque fluctuation and a tooth profile error can be excitation sources for this vibration system.
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Where, M is the resultant equivalent inertia mass on the pitch circle, C is the damping depending on the gear material, K is the time varying stiffness of the meshing gear system, which is derived from Ishikawa's tooth stiffness variation model (Ishikawa, 1951) , and xg is the spring deflection of the vibration system. e is the tooth profile error, and this error is the input displacement to the system.
If the acceleration response periodically changes, the phase θ is defined by the period T as follow. Where, ω is the angular frequency of a driven gear.
Considering the meshing period Tmesh, the pitch angle θmesh is defined as follow. Where, ωmesh is the meshing frequency, which is the target frequency to estimate the angular position of the driven gear in this study.
Then, the angular position of the driven gear is obtained by the summation of θmesh, or
Here, z is the number of teeth of the driven gear.
Amplitude and frequency modulation
In this subsection, a model, which includes an amplitude and frequency modulation caused by an eccentric error of the driven gear, is considered. The effect of the amplitude and frequency modulation on the acceleration response can be expressed as follow (Nishida, 1981) .
Where, ka is the amplitude modulation factor, mf is the frequency modulation factor, respectively. In this study, the signal x with a white noise w is used as the gear vibration model. The parameters of gears in the numerical simulation are shown in Table1, and the calculated vibration responses in simulation are shown in Fig. 2 . Hongu, Iba, Moriwaki and Koide, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) 
Nonlinear oscillator
In this section, the mathematical model of a non-linear oscillator is introduced, then the synchronization property of the oscillator, is explained.
Mathematical model
In this study, we have used Matsuoka's neural oscillator as a nonlinear oscillator (Matsuoka, 1985) . The mathematical model of Matsuoka's neural oscillator is expressed as follow, and its block diagram is shown in Fig.3. , , Hongu Vol.12, No.2 (2018) This model contains two first order lag elements to express excitation and inhibition, and can generate sustained oscillation, even if input gain ε is zero and there is no external input. In general, the five coefficients c, τ, T, b, a, have been decided by identification of a biological neuron. But the specified animate being is not considered in this study. These parameters are chosen by the following design method to generate oscillation with a desired natural frequency ωN = 2πfN and output amplitude AN. The coefficient of Eq. (7) 
Synchronization property
In general, the non-linear oscillator has the property to synchronize with the periodic input. To estimate the rotation speed of gear without speed sensors, the neural oscillator must be synchronized with the vibration signal of the gear meshing. Thus, understanding the synchronization property is extremely important.
Firstly, an example of input-output of the non-linear oscillator is shown in Fig.4 . From this figure, the output signal y of the oscillator follows the input signal x. This synchronization phenomenon is obtained when the detuning ωN -ωmesh or fN -fmesh between the oscillator's frequency ωN or fN and the external periodic force's frequency ωmesh or fmesh is within a range, called "synchronization region". Figure 5 shows one example of the synchronization region calculated with a simulation that a chirp signal is used as input to the oscillator. From Fig.5 , the region where the detuning of the frequency of the input-output signal become to be zero is determined as a synchronization region. Moreover, the synchronization region is appeared from the natural frequency of the oscillator both to the right and left frequency under the condition that the input signal is relative small.
The neural oscillator has sensitive reaction to a sinusoidal input within the synchronization region, however, not has Fig. 3 Block diagram of Matsuoka's oscillator. In this model, mutually inhibiting nerve element pairs forms a neural oscillator, and the symbol Φ in this figure describes nonlinearity which we can generally use a hyperbolic function or a threshold function. Inputting a periodical signal x whose frequency is near the natural frequency of the oscillator, then the oscillator can synchronize with this signal and generate the output signal y whose frequency equals the frequency of the input signal.
Hongu, Iba, Moriwaki and Koide, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) the sensitivity to the input outside of the region. Thus, the non-linear oscillator can be used as a band pass filter to eliminate the unnecessary frequency component in the vibration response of gear systems and enables that the meshing frequency component within the frequency range to be extracted from the noisy signals, autonomously.
Time synchronous averaging
This section shows the tachometer-less time synchronous averaging method using the linear filter and the filter with non-linear oscillator. If the filter captures the gear meshing vibration, its output y has the same period as the meshing. Thus, we can estimate the angular position of gear through counting the zero-crossing of y. The estimated angular position and the averaging signal x can be obtained as follows. Fig. 4 Input-output of Matsuoka's oscillator (fN=5Hz, AN=1, ε=1, x(t)=sin(t) ). This figure shows an example of the synchronization phenomena of the Matsuoka's oscillator. The oscillator has a self-excited vibration with zero input from 0s to 2s, and begins to synchronize with the sinusoidal input from 2s. Particularly, we can see that the oscillator becomes a stable state of the synchronization within one period of the oscillation. This figure shows an example of the synchronization region of the oscillator. The synchronization region is easily obtained by using a sweep signal or by using phase reduction method described in Appendix. In this figure, the horizontal axes is the frequency of the input signal, and the vertical axes is the detuning of the frequency of the input-output signal.
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Where, N is the rotation number of the driven gear. To evaluate the estimation accuracy, the phase estimation error for the angular position of gear is expressed as,
In addition, we transferred the original signal to the liner-filter and the non-linear filter through a low-pass filter (LPF). Where, the input signal of the filters is normalized with RMS of the original signal to determine the Q-value of the liner filter and the input gain ε of the non-linear filter by referring the Fig.6 . Finally, the block diagram of the system from the input signal x to the output signal y is described as follows.
In addition, we used a typical band pass filter expressed as second-order-lag equation, whose transfer function is 
Where, ω0 (=2πf0) is center frequency of BPF and Q is its quality factor, respectively.
Discussion
In this section, the utility of the above-mentioned encoder-less TSA utilizing the non-linear oscillator will be shown by using the ideal gear vibration model and the actual gear vibration response of a gear box.
Gear vibration model
Firstly, the phase estimation errors of angular position for each number of rotation is shown in Fig.7 . Where, the signal x shown in Fig.2 , which is expanded by 2400/5 times in time direction for a convenience, is used as input. Fig. 6 Block diagram of the signal process from x to y. In this figure, "BPF" means the conventional linear filter and "CPG" means the non-linear filter utilizing the neural oscillator.
Hongu, Iba, Moriwaki and Koide, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) From Fig.7 , the phase estimation error of non-linear oscillator's filter is smaller than that of the conventional linear filter. It means that, our proposed filtering method is suitable to pick up the meshing frequency under the noise environment condition. We can find that, the linear and the non-linear filter have the comparable phase estimation errors.
Next, the averaged method is applied to the noised signal x shown in Fig.2 . And, Figure 8 shows the averaged results. Where, the number of averaging is 100 times.
From Fig.8 , it can be said that both the averaging methods using linear and non-linear filter has ability to reduce the noise components. By referring the Fig.2 , clearly, the TSA with the non-linear filter can reduce the noise equaling that with the linear filter.
Actual gear vibration response
Next, the utility of the TSA using the non-linear by using the measured vibration signal of an actual gear system will be shown. , ε=0.1, Q=1.75) . In this figure, the horizontal axes is the number of rotation, and the vertical axes is the phase estimation error, respectively. The blue line means using the linear filter, and the red line means using the non-linear filter. Fig. 8 Time synchronous averaging of the signal x(t) with gear meshing model. In this figure, the horizontal axes is the angular position of the shaft, the blue line means the averaged signal using the linear filter, and the red line means the averaged signal using the non-linear filter, respectively. Iba, Moriwaki and Koide, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) This study used a power-absorbing gear test machine as a gear apparatus shown in Fig.9 . The dimension of gears is shown in Table 2 . Here, the driving gear is made of steel and the driven gear is made of POM. The rotation speed of the driven shaft is 1000rpm, and the load torque is 4 Nm. From the Fig.9 , the acceleration sensor, whose sampling ratio is 100kHz, is mounted on the housing of the driven gear side. Where, the true angular position of the driven shaft is measured at the same time.
The measured one rotation of the vibration response through the acceleration sensor is shown in Fig.10 . The measured gear vibration has characteristics that the vibration response includes the points where the amplitude of wave becomes partially large twice a rotation, shown as red arrows, and the point where the amplitude of wave becomes partially small, shown as yellow circle in Fig.10 . These characteristic vibration waves are caused by a fixing jig of the driven gear at two diagonal points, therefore, the strength of the driven gear at fixing part becomes weak.
Next, the phase estimation errors of angular position for each number of rotation is shown in Fig.11 . Where, the signal x shown in Fig.11 is expanded by 800/5 times in time direction, and used as the input. The frequency band of the linear filter and the non-linear filter utilizing the oscillator is narrowed from that we used at the simulation. As we can see that, the phase slippages are occurred between input and output of the filter on the linear filter side.
Then, the averaging method is applied to the signal shown in Fig.10 . And, figure 12 shows the averaged results. Where, the number of averaging is 100 times. In Fig.12 , the characteristic of the vibration wave, which has been mentioned in Fig.10 , is appeared at same points on the averaged wave with the non-linear filter and that with the true angular position (red arrows), however, it cannot be seen in the averaged wave with the linear filter. In addition, the true angular position was measured by a dependently located laser displacement meter after marking the rotation shaft. The bottom set in Fig.12 (yellow line) means the averaged signal by using the true angular position, and we called it "ideal".
From these results, the non-linear oscillator has an advantage compared with the linear filter for the highlighting the meshing frequency in the gear vibration. It can be considered that, even if the amplitude of wave becomes partially small, shown as yellow circle in Fig.10 , the non-linear oscillator having the demodulation property can keep its oscillation. Fig. 10 One rotation of the vibration response in the operation test. In this figure, the horizontal axes means the angular position of the shaft. Fig. 9 Gear apparatus.
Hongu, Iba, Moriwaki and Koide, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) In conclusion, we newly proposed an estimation method for the rotation angle of gears by counting their meshing period using a nonlinear oscillator that synchronized with the gear meshing frequency, and performed the TSA for the ideal gear vibration model and the vibration response of the actual gear apparatus without encoder, as a result, the filter utilizing the non-linear oscillator has an advantage comparing with the liner-filter on the condition that the both filters has almost same filtering characteristic. This advantage is that, when the amplitude of the signal is relative small and the linear filter cannot capture the meshing frequency, however, the non-linear oscillator can keep the oscillation. Fig. 11 Phase estimation error of angular position with the actual gear meshing (fN ＝ f0 ＝ 5Hz, ε=0.01, Q=17.5). In this figure, the horizontal axes is the number of rotation, and the vertical axes is the phase estimation error, respectively. The blue line means using the linear filter, and the red line means using the non-linear filter. Fig. 12 Time synchronous averaging of the signal x(t) with the actual gear meshing. In this figure, the horizontal axes is the angular position of the shaft, the blue line means the averaged signal using the linear filter, and the red line means the averaged signal using the non-linear filter, respectively.
